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Abstract 
Today, there are numerous kinds of gases which are becoming widely used in 
the various industry fields. However, the harmful gases which a disease of the 
respiratory system are generated by industrial activity. Therefore, the demand for a 
gas sensor which can detect the noxious gases is expected to grow. Especially, there 
will be a growing interest in portable, low-cost, high reliability and low-power gas 
which can be applied to smart device in the future. Many kinds of gas sensors have 
been developed by many researcher until now: electrochemical, electrical, mass 
sensitive, magnetic, optical and thermometric type gas sensors. One gas sensor type 
of interest is that based on FET (Field Effect Transistor) has been considered as 
advanced gas sensor which can implant in various smart devices. However, there 
are many disadvantages in conventional FET type gas sensors. 
In this thesis, we propose a gas sensor platform having a horizontal floating-gate 
(FG) to solve the problem shown in conventional FET gas sensor. We first introduce 
structure and fabrication process sequence of the gas sensor that we proposed. The 
gas sensor is based on MOSFET (Metal Oxide Semiconductor Field Effect 
Transistor) and have a horizontal FG and the sensing layer covers partly the control-
gate (CG) formed horizontally and the passivation layer formed on the FG in the 
center. The gas sensor reads out work-function (WF) change in the sensing material 
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formed between FG and CG (control gate), when the device is exposed to a target 
gas. The sensing materials in our work are semi-metal or semiconductor. Next, we 
analysis gas sensing characteristics of the fabricated gas sensor by using various 
sensing materials and target gases, respectively. We measure transfer and transient 
curves of the device in target gases. From the measured data, we explain operating 
principle and show gas sensitivity, selectivity, response and recovery characteristic 
and Langmuir relationship of the gas sensor. We also show the various methods that 
various gas sensing materials are formed on the gas sensor and verify gas sensing 
characteristics of the device in which SnOx (Tin Oxide), ZnO (Zinc oxide) and CNT 
(Carbon Nanotube) are used as a gas sensing materials by using sputtering, ALD (Atomic 
Layer Deposition) and ink-jet printing method. Then, we show sensor calibration of the gas 
sensor by CG bias. Finally, we fabricate FET gas sensor based on wide band gap material 
(Gallium nitride) which can operate at high temperature (T > 300 °C) and conform gas 
sensing characteristics of the gas sensor.  
We think that the proposed gas sensor platform can be applied to various FET type device 
(ex TFT: Thin Film Transistor, TFET: Tunneling Field Effect Transistor) and useful in an 
electronic nose system. 
 
Key Words: Gas sensor, MOSFET, horizontal, floating gate, platform, work-function, 
sensing material, sensing characteristic, sensor calibration 
Student Number: 2012-30932 
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1.1 Gas sensor 
 
Today, there are numerous kinds of chemical species, natural and artificial 
gases which are useful to human life. The various gases are becoming widely used 
in the following chemical, petrochemical, medical, manufacturing, electric power, 
agriculture fabrication industries. However, industrial processes to improve human 
life increasingly produces toxic and combustible gases causing fire, air pollution 
and a disease of the respiratory system. Therefore, there has been a growing interest 
in gas sensors to detect toxic and combustible gases. The Fig. 1(a) and (b) show gas 
sensor applications. The gas sensors are used for fire alarm and detector which 


























Fig.1-1. (a) Fire alarm and (b) portable electronic nose which can determine the 
quality and freshness of food (Peres) [1]. 
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Recently, gas sensor technology has advanced remarkably for few decades and 
various gas sensors are commercially available thanks to researchers related to gas 
sensor. And there are a wide variety of gas sensors based on different gas sensing 
materials and operating on diverse gas sensing principles which can be used to gas 
detector. There are several types of gas sensors designed explained as shown in 
table 1-1 [2]. Table 1-1 show classification and operating principle of the gas 
sensors. And Fig. 1-2, 1-3 and 1-4 show electrochemical, electrical, mass sensitive, 
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Table 1.1 Classification and operating principle of gas sensors [2] 
Class of gas sensors Operating principle 
Electrochemical Changes in current, voltage, capacitance/impedance: 
: Voltammetry(including amperometry), Potentiometry 
: Potentiometry with solid electrolytes for gas sensing 
Electrical : Metal oxide, Organic, Electrolytic, Heterojunction 
(Schottky diode, FET, MOS) conductivity 
: Work function, Electric permittivity (capacitance) 
Mass sensitive Changes in the weight, amplitude, phase or frequency, 
size, shape, or position 
: Quartz crystal microbalance 
: Surface acoustic wave propagation, Cantilever 
Magnetic Changes of paramagnetic gas properties 
Optical devices Changes in light intensity, color, or emission spectra 
: Absorbance, Reflectance, Luminescence 
• Refractive index, Optothermal effect, Light scattering  
Thermometric 
(calorimetric) 
Heat effects of a specific chemical reaction. Changes in 
temperature, heat flow, heat content 
: Thermoelectric, Pyroelectric, Catalytic bead 
: Thermal conductivity 
 




















Fig.1-2. (a) electrochemical [3] and (b) electrical [4] type gas sensor (semicond-
uctor gas sensor) 
 





















Fig.1-3. (a) mass sensitive [5] and (b) magnetic [6] type gas sensor. 
 





















Fig.1-4. (a) optical [7] and (b) thermometric [8] type gas sensor. 
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1.2 FET gas sensor 
 
Today there is an increasing need for low power, small size and low cost gas 
sensors for a wide range of industrial and gas sensor applications. Especially, it is 
required to develop gas sensor implanted into smartphone. The advantages and 
disadvantages of the conventional gas sensor are shown in Table 1-2 [9]. 
Electrochemical and optical type gas sensor are high selectivity, accuracy, low 
power gas sensor. However, the sensors is high cost and large size gas sensor. So, 
it is difficult to apply to smartphone. Owing to its unique structural, mechanical, a 
compatible with CMOS and electronic properties, FET (Field effect transistor) type 
gas sensor is considered as one of the most attractive candidates for next-generation 
gas sensor. The gas sensor has gas sensing gates able to provide work-function (WF) 
changes upon ambient atmosphere modifications. Due to their operation principle, 
the sensor is based on change in the channel conductance causing the change in 
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The first FET type gas sensor detecting hydrogen (H2) was developed by 
Lundström [10] as shown in Fig. 1-5. The FET gas sensor has a heated palladium 
gate as a sensing layer. The H2 gas diffuses through the sensing layer to the interface 
between the gate oxide and the channel, which to work-function (WF) change in 
the gate. As a result, the channel conductance of the gas senor is modulated [11]. 
However, the FET gas sensor usually cannot detect large gas molecules due to the 
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In order to solve this problem, a gas sensor based on suspended gate (SG) FET is 
developed [12] as shown in Fig. 1-6. In [12], the gate was coated with various gas 
sensing materials and separated from channel by forming an air gap between the 
gate and channel for eliminating gas diffusion process. But the target gas has still 
to diffuse through this air gap so that larger air gaps to improve response and 
recovery times of the sensor. As a result, the increase of the air gap lead to decrease 
of the trans-conductance of the FET gas sensor. The trans-conductance is related to 
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To improve of performance of the suspended gate FET gas sensor capacitive 
(charge) coupled FET (CC-FET) type gas sensor was developed [13] as shown in 
Fig 1-7. A floating gate is formed over the channel in CC-FET. This device can 
improve the controllability of the suspended gate. As a result, CC-FET gas sensor 
had higher gas sensitivity than [13]. This design also ensures a better protection of 
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1.3 Work function change of sensing materials 
 
Conventional FET gas sensor is based on work-function (WF) change of the 
gas sensing layer as act on gate of the FET device. An amount of the WF change of 
the sensing layer is measured by Kelvin method which measure surface potential of 
a thin film [14]. Fig. 1-8 shows schematic view of the scanning Kelvin probe system 














Fig. 1-8. Schematic view of the scanning Kelvin probe system [16] 
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The detection mechanism of change in WF of the sensing layer based on 
semiconductor is still controversial. Commonly it is assumed that the target gases 
are chemisorbed on the sensing layer surface. Fig. 1-9 (n-type semiconductor) and 
1-10 (p-type semiconductor) show gas sensing mechanism of the work function 
change of the sensing layer. As shown in the figures (Fig. 1-9 and 1-10), target 
gases extract charge (electrons or holes) from the conductance (electrons) or 
valence (holes) band and trap them on the surface in form of ions having positive 
or negative charge. It causes a band bending in the sensing layer and traps the 
electrons (or holes) at the surface of the sensing layer in the form of ions. The 
trapping of the charges will be continued until a thermodynamic equilibrium is 
achieved. As a result of the transfer of charge, dipole layers are formed on the 
surface of the sensing layer causing potential difference across the surface. This 
potential difference lead to change in WF of the sensing layer. The surface dipole 






























Fig. 1-9. Gas sensing mechanism of the work function change of the sensing layer 
(n-type semiconductor). 
 





















Fig. 1-10. Gas sensing mechanism of the work function change of the sensing layer 
(p-type semiconductor). 
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Chapter 2  
MOSFET gas sensor having a 
horizontal floating gate 
2.1 Introduction 
 
Recently, there has been a growing interest in gas sensors to detect air 
contaminants causing smog and lung diseases such as asthma [17]. One gas sensor 
type of interest is that based on Si MOSFET has been considered as low cost and 
portable gas sensor. Various MOSFET gas sensors are developed [10], [12] and [13]. 
However, there are many disadvantage of the conventional gas sensors: low gas 
sensitivity, complex fabrication process and device size. Thus, it becomes 
increasingly important to develop high sensitivity and low cost the FET type gas 
sensor detecting various gases. In this letter, we propose a new gas sensor based on 
MOSFET having a horizontal floating-gate (FG) [18]. First, we introduce structure 
and key fabrication process steps of the gas sensor. Then we confirm gas sensing 
characteristics of the device by using tin oxide (SnOx) as a sensing layer and target 
gases, respectively. 
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2.2 Device structure and fabrication 
 
Fig. 2-1 (a) and (b) show the SEM image and 2D cross sectional views of the 
fabricated gas sensor having a horizontal floating gate (FG), respectively. In the gas 
senor, materials of the FG, metal, sensing layer and passivation layer are used to 
highly doped poly silicon, titanium/nickel, tin oxide (SnOx) and silicon nitride on 
silicon substrate respectively. In Fig. 1 (a), source and drain are formed on the left 
and right, respectively. In Fig. 1 (b), the SnOx covers partly the control-gate (CG) 
formed horizontally and the passivation layer formed on the FG in the center. The 
gas sensor reads out work-function (WF) change in the sensing layer butted to the 































Fig.2-1. (a) SEM image and (b) 2D cross-sectional view of the gas sensor cut along 
A–A’. 
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Fig.2-2. Fabrication process flow and steps of the fabricated gas sensor. 
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Key fabrication process flow and steps of the fabricated gas sensor are shown in 
Fig 2-2 and explained as follows. STI (Shallow Trench Isolation) technique is used 
for device isolation. A Silicon dioxide (SiO2) and Silicon nitride (Si3N4) layers are 
grown and deposited by thermal oxidation and low pressure chemical vapor 
deposition (LPCVD) on 150 mm Si wafer. These layers are act as a stop layer of 
chemical mechanical polishing (CMP) and the thickness of the layers 10 nm and 
100 nm, respectively. After photolithography process for active patterns, the stop 












Fig. 2-3. Cross-sectional SEM image of the silicon trench formation 
. 
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The isolation oxide is formed by high density plasma chemical vapor deposition 
(HDPCVD) and followed by CMP until the Si3N4 layer is exposed as shown in Fig. 
2-4. The Si3N4 and SiO2 layers are removed in a phosphoric acid solution at 160 °C 
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Thermal oxidation with the thickness of 10 nm is carried out. Then an in-situ 
phosphorous doped poly-Si layer is deposited to form the FG. The poly-Si is 
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After ion implantation and annealing process are performed to form source and 
drain regions, a 50 nm thick Si3N4 layer is deposited to be used for a passivation 
layer. Then, photolithography process for contact patterns are etched by dry etching 
process. Then, the CG (Ni/Ti) and sensing layer (SnOx) are formed by e-beam 
evaporation and sputtering processes, respectively. They are patterned by lift-off 
process. Thicknesses of Ni, Ti and SnOx are 180 nm, 20 nm and 200 nm, 
respectively. Because the sensing layer is formed in final process step, various gas 
sensing layers can be formed by various methods. This means that the proposed gas 
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2.3 Electrical characteristic 
 
Fig. 2-6 (a) shows transfer curve of fabricated gas sensor based on p-type 
MOSFET at 25 oC. We adopted p-type MOSFET because it gives less 1/f noise than 
n-type MOSFET [19]. Both of the channel length and width of the gas sensor are 1 
μm, respectively. Fig. 2-6 (b) shows the equivalent circuit diagram of the gas sensor. 
Sensitivity of the device depends on coupling ratio (γ) between the CG and FG [20]. 
The γ is defined as 
 
 γ = 
(Cs//Cpass)
(Cs//Cpass)+Cp+Cfg
   (1) 
 
where Cs and Cpass represent the capacitances for the sensing layer and the 
passivation layer, respectively. Cp and Cfg are a parasitic capacitance between the 
FG and Si substrate, and the FG capacitance considering the gate oxide and Si 
capacitance, respectively. Here, the capacitances between the FG and source and 
drain are neglected. To obtain high sensitivity, the γ needs to be close to 1, which 
means Cs//Cpass has to be larger than Cp+Cfg. Because the CG and FG has 
interdigitated pattern (for example, two fingers of FG in Fig. 2-1 (a)), the γ in this 
work is higher than in conventional gas sensor having air gap between the CG and 
FG [11]. 
 




















Fig.2-6. (a) Transfer (ID-VCGS) curve at 25 oC and (b) equivalent circuit diagram 
of the fabricated gas sensor. 











VDS = -0.5 V
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Chapter 3  
Gas sensing characteristic  
3.1 Gas sensor measurement system 
 
To measure gas sensing characteristics of the fabricated gas sensor, we use gas 
sensor measurement system as shown in Fig. 3-1, 3-2, 3-3 (a) and (b). The system 
is consist of hood, mass flow controller (MFC), gas cabinet, vacuum chamber probe 
station, hot chuck, gas calibrator, and electrical instrument. The fabricated gas 
sensor is placed inside the sealed vacuum chamber where gas supply and pump 
lines are available by MFC. Electrical measurements are carried out using a 
Keithley 4200-SCS. Calibrated commercial gas intermixing with nitrogen is used 
to check the response of a target gases (NO2, H2S...). The target gas concentration 
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Fig.3-2. View of vacuum chamber probe station. 
 




















Fig.3-3. View of (a) The inside of vacuum chamber probe station and (b) hood 
system, circulator and gas calibrator. 
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Transfer (drain current–control gate voltage) characteristic of the gas sensor is 
obtained at one atmospheric pressure after exposing the device to a target gas for 
30 min (saturation state) in the chamber. Here, the measurement is performed at 180 
oC which is the working temperature for sensing layer (SnOx) in target gases [21]. 
As a control drain current (ID)-control gate voltage (VCGS) curve, ID-VCGS curve in 
air is measured. Then threshold voltage change (ΔVth) and drain current change 
(ΔID) with target gases concentrations are measured. The ΔVth and ΔID are defined 
as 
 
ΔVth = VCGS – VCGS0              (2) 
ΔID = |[(ID/ID0) − 1]| × 100 (%)            (3) 
 
where VCGS in (2) and ID in (3) are a gate voltage at ID = 0.56 μA and drain current 
at VCGS = -1.2 V, respectively, with different target gas concentrations (1 - 50 ppm). 
The VCGS0 in (2) and ID0 in (3) are the VCGS (at ID = 0.56 μA) and ID (at VCGS = -1.2 
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3.2 Results and discussion 
 
Fig. 3-4 show transfer curves of the fabricated gas sensor as a parameter of 
NO2 concentration. In this measurement, the ID is changed with different NO2 
concentrations (0–50 ppm). As the NO2 concentration increases, the ID increases. 
To explain the phenomena, the ID in linear (4) and sub-threshold (5) regions of the 
gas sensor are obtained by modifying ID of conventional MOSFET. The IDs are 
















� e−q(|γVGS−Vth|)/mkT     (5) 
 
where Nd, ѱB, and m represent the donor concentration in the channel, Fermi 
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When the gas sensor is exposed to NO2 gas, the gas diffuses through the sensing 
layer to its interface with the passivation layer [11]. The NO2 at the interface 
increases WF and decreases the Cs of the SnOx due to the formation of depletion 
layer by transferring charges between the NO2 and SnOx as shown in Fig. 3-5 [11], 
[24]. The increased WF shifts Vth into the positive bias direction [22], [25]. Finally, 
the ID depends on the value of |γVGS-Vth| . As shown in Fig. 3-4, |Vth|  is 
decreased more significantly than |γVGS|  with increasing NO2 concentration, 



















































Fig.3-4. Transfer (ID-VCGS) curves for the fabricated gas sensor exposed to different 
NO2 concentrations. 
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Fig.3-5. Gas reaction change between a target gas (NO2) and sensing layer (SnOx). 
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As shown in Fig. 3-6, ΔVth and ΔID are increased with increasing NO2 
concentrations. They show about 0.24 V of ∆Vth and 195 % of ∆ID by increasing 


















Fig.3-6. Threshold voltage and drain current change for the fabricated gas sensor 
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 We investigate the Langmuir isotherm in the fabricated gas sensor for target gas 
[26], [27]. Fig. 3-7 shows relationship between gas concentration and the threshold 
voltage change of the gas sensor [26], [28]. The |ΔVth |is defined as 
|ΔVth |= ΔVmax 
𝛼𝛼𝛼𝛼
1 + 𝛼𝛼𝛼𝛼
   (6) 
where C is target gas concentration and ΔVmax and α are empirical parameters. 
As shown in Fig. 3-7, the ΔVmax and α are 0.26 V and 0.18 ppm-1 in the gas sensor 


















Fig. 3-7. The Langmuir relationship of the gas sensor by using SnOx as a sensing 
layer at NO2 (ΔVmax = 0.26 V and α = 0.18 ppm-1) 


















∆Vmax = 0.26 V, α = 0.18
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Fig. 3-8 shows transient response of the fabricated gas sensor by changing 
chamber ambient (air and 50 ppm NO2) at 180 oC. The applied VCGS and VDS are 
fixed at -1.2 V and -0.5 V, respectively. We define sensing and recovery times which 
are specified in terms of the time to reach 90 percent (T90) of its final reading from 
initial reading when the ambient is changed (air or NO2). The reference drain 
currents in the air and NO2 ambient are 0.56 μA and 1.80 μA, respectively. The 



















Fig. 3-8. Transient response of the fabricated gas senor in alternate ambient of NO2 
and air. 
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We also investigate gas sensitivity of the gas sensor for H2S. Fig. 3-9 shows 
transfer curve for the gas sensor as a parameter of H2S concentration. As a 
concentration of the gases increases, the drain current of the gas sensor decreases 
in H2S. The transfer curve shifts Vth into the negative bias direction with in the 
increase in H2S concentration. When the gas sensor is exposed to O2, the gases 
extract electrons from SnOx in the form of ions. They increase the WF of the SnOx 
[11]. The increased WF shifts threshold voltage (Vth) of the gas sensor into the 
positive bias direction and increases the ID. The Vth moves into the opposite 
direction in H2S because the gas releases electrons back to the SnOx by reacting on 
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Fig.3-10. Gas reaction change between a target gas (H2S) and sensing layer (SnOx). 
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As shown in Fig. 3-11, ΔVth at ID = 0.50 μA and ΔID at VCGS = -0.84 V are 
increased with increasing H2S concentrations. They show about -0.14 V of ∆Vth 




















Fig.3-11. Threshold voltage and drain current change for the fabricated gas sensor 
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Fig. 3-12 shows the Langmuir relationship between H2S concentration and the 
threshold voltage change of the gas sensor. The ΔVmax and α of the gas sensor are 




















Fig.3-12. The Langmuir relationship of the gas sensor by using SnOx as a sensing 
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Fig. 3-13 shows transient response of the fabricated gas sensor by changing 
chamber ambient (air and 50 ppm H2S) at 180 oC. The applied VCGS and VDS are 
fixed at -0.9 V and -0.5 V, respectively. We define sensing and recovery times which 
are specified in terms of the time to reach 90 percent (T90) of its final reading from 
initial reading when the ambient is changed (air or H2S). The reference drain 
currents in the air and H2S ambient are 0.49 μA and 0.31 μA, respectively. The 



















Fig.3-13. Transient response of the fabricated gas senor in alternate ambient of H2S 
and air. 
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Fig.3-14. Transient curves for the fabricated gas sensor exposed to air, (a) 1000 ppm 
CO and (b) 80 ppm SO2. 
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Fig.3-15. Transient curves for the fabricated gas sensor exposed to air, (a) 3000 ppm 
CH4 and (b) 3000 ppm C3H8. 
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Fig.3-16. Gas sensitivity of the fabricated gas sensor for various gases. 
 
We also investigate gas selectivity of the gas sensor having SnOx as a sensing layer. 
We extract a gas sensitivity (|ΔID/ID0|) from transient curves for the target gases. 
The gas sensitivity is defined as |ΔID/ID0|= [(ID/ID0) − 1]  (7) where ID and ID0 
are drain current in target gas and air at constant CG and drain voltage. Fig. 3-14, 
3-15 and 3-16 show transient curves and gas selectivity of the gas sensor for various 
gases. The gas sensor has higher sensitivity for NO2 and H2S than the others (SO2, 
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3.3 Zinc oxide sensing layer with ALD method 
 
In this work, we propose a Si MOSFET type gas sensor having a horizontal FG 
which use a 10 nm thick ZnO (n-type semiconductor) formed by atomic layer 
deposition (ALD) as a sensing layer and show gas sensing property of the device 
for target gases. Fig. 3-17 (a) and (b) the Top and 2D cross sectional views of the 
fabricated gas sensor based on p-type MOSFET, respectively. In Fig. 3-17 (b), the 
ZnO covers partly the control-gate (CG) formed horizontally and the passivation 
layer formed on the FG in the center. The device reads out work-function (WF) 

































Fig.3-17. (a) Top and (b) 2D cross sectional views of the fabricated gas sensor cut 
along A–A’. 
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Key fabrication process steps of the fabricated gas sensor are shown in Fig. 3-18 
and explained as follows. A Si3N4 layer is deposited by LPCVD on 150 mm Si 
wafer. This layer acts as a stop layer of CMP. After photolithography process for 
active patterns, the stop layer and underlying Si are etched. Then isolation oxide is 
formed by HDPCVD and followed by CMP until the Si3N4 layer is exposed. The 
Si3N4 layer is removed in a phosphoric acid solution at 160 °C. Thermal oxidation 
with the thickness of 10 nm is carried out. Then an in-situ phosphorous doped poly-
Si layer with a thickness of 200 nm is deposited to form the FG. The poly-Si is 
patterned by photolithography. After ion implantation is performed to form source 
and drain regions, a 10 nm thick SiO2 and 30 nm thick Si3N4 layers are grown and 
deposited to be used for a passivation layer. Then, the CG (Ti) and sensing layer 
(ZnO) are formed by e-beam evaporation and ALD processes, respectively. They 
are patterned by lift-off and wet etch process. Thicknesses of Ti and ZnO are 100 






























Fig.3-18. Fabrication process flow and steps of the fabricated gas sensor with ZnO 
sensing layer. 
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Fig. 3-19 (a) and (b) show transfer and transient curves for the fabricated gas 
sensor exposed to N2 gas ambient as a reference and in NO2 gas ambient with a 
concentration of 50 ppm. Transient response of the fabricated gas sensor is 
measured by changing chamber ambient (air and 50 ppm NO2) at 180 oC. The 
applied VCGS and VDS are fixed at -1.4 V and -0.5 V, respectively. As shown in Fig. 
3-19 (b), the ID increases from 0.11 μA in the air to 0.26 μA in the NO2 ambient. 
Response and recovery times of the gas sensor are about 80 s and 240 s, respectively. 
In this work, an ID of the gas sensor decreases when the device is exposed to NO2. 
The NO2 is an acceptor-type gas on the ZnO [30]. When the gas sensor is exposed 
to NO2 gases, the gases diffusing through the ZnO extract electrons from the ZnO 
and become negatively charged ions at surface of ZnO. It creates a positive space-
charge (depletion) region in the ZnO. The region increases WF of the ZnO. The 
increased WF shifts threshold voltage of the gas sensor into the positive bias 





























Fig. 3-19. (a) transfer and (b) transient curves for the fabricated gas sensor exposed 
to air and 50 ppm NO2. 
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Fig. 3-20 shows the Langmuir relationship between NO2 concentration and the 
threshold voltage change of the gas sensor where the sensing layer is ZnO. The 














Fig. 3-20. The Langmuir relationship of the gas sensor by using ZnO as a sensing 
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We investigate gas sensitivity of the fabricated gas sensor for various target gases. 
As a transfer curves, ID-VCGS curve in air and target gases is measured. The applied 
VCGS and VDS are fixed at -1.7 V and -0.5 V, respectively. As shown in Fig. 3-21, 
the ID increases from 0.11 μA in the air to 0.26 μA in the H2S ambient [31]. 
Response and recovery times of the gas sensor are about 110 s and 400 s, 
respectively. Then we investigate a gas sensitivity having ZnO as a sensing layer. . 
Fig. 3-22, 3-23, 3-24 and 3-25 show transient curves and gas selectivity of the gas 
sensor for various gases. The gas sensor has higher sensitivity for NO2 and H2S than 











Fig. 3-21. Transient curve for the fabricated gas sensor exposed to air and 70 ppm 
H2S. 
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Fig. 3-22. Transient curves for the fabricated gas sensor exposed to air, (a) 50 ppm 
SO2 and (b) 75 ppm NH3. 
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Fig. 3-23. Transient curves for the fabricated gas sensor exposed to air, (a) 1700 
ppm CO2 and (b) 3000 ppm CH4. 
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Fig. 3-25. Gas sensitivity of the fabricated gas sensor for various gases. 
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3.4 Carbon nanotube sensing layer with ink-jet printing method. 
 
In this work, we propose a Si MOSFET type gas sensor having a horizontal FG 
which use a carbon nanotube (CNT) formed by ink-jet printing as a sensing layer 
and show gas sensing property of the device for target gases. Fig. 3-26 shows cross 
sectional view of the fabricated gas sensor based on p-type MOSFET, respectively. 
In Fig. 3-26, the CNT which is p-type semiconductor formed between the control-
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Key fabrication process steps of the fabricated gas sensor are shown in Fig. 3-27 
and explained as follows. A Si3N4 layer is deposited by LPCVD on 150 mm Si 
wafer. This layer acts as a stop layer of CMP. After photolithography process for 
active patterns, the stop layer and underlying Si are etched. Then isolation oxide is 
formed by HDPCVD and followed by CMP until the Si3N4 layer is exposed. The 
Si3N4 layer is removed in a phosphoric acid solution at 160 °C. Thermal oxidation 
with the thickness of 10 nm is carried out. Then an in-situ phosphorous doped poly-
Si layer with a thickness of 200 nm is deposited to form the FG. The poly-Si is 
patterned by photolithography. After ion implantation is performed to form source 
and drain regions, a 10 nm thick SiO2 and 50 nm thick Si3N4 layers are grown and 
deposited to be used for a passivation layer. Then, the CG (Cr/Au) formed by e-
beam evaporation. Thicknesses of Cr and Au are 70 nm and 30 nm, respectively. 
They are patterned by lift-off process. The Su-8 is patterned by photolithography. 
The sensing layer (CNT) are pattered by ink-jet printing. Then, vacuum annealing 





























Fig.3-27. Fabrication process flow and steps of the fabricated gas sensor with CNT 
sensing layer. 
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Fig. 3-28 (a) and (b) show transfer curves of the fabricated gas sensor as a 
parameter of NO2 concentration. An ID of the gas sensor increases when the device 
is exposed to NO2. Transient response of the fabricated gas sensor by changing 
chamber ambient (air and 50 ppm NO2) at 180 oC. The applied VCGS and VDS are 
fixed at -1.0 V and -0.5 V, respectively. As shown in Fig. 3-28 (b), the ID increases 
from 0.1 μA in the air to 0.69 μA in the NO2 ambient. Response and recovery times 
of the gas sensor are about 20 s and 60 s, respectively. The NO2 is an acceptor-type 
gas on the CNT [32]. The WF of the sensing layer increases when the layer is 
exposed to NO2. The increased WF shifts threshold voltage of the gas sensor into 

































Fig. 3-28. (a) transfer and (b) transient curves for the fabricated gas sensor exposed 
to air and 50 ppm NO2. 
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Fig. 3-29 shows the Langmuir relationship between NO2 concentration and the 
threshold voltage change of the gas sensor where the sensing layer is the CNT. The 














Fig. 3-29. The Langmuir relationship of the gas sensor by using CNT as a sensing 
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Fig. 3-30. Transient curves for the fabricated gas sensor exposed to air, (a) 50 ppm 
H2S and (b) 50 ppm SO2. 
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Fig. 3-31. Transient curves for the fabricated gas sensor exposed to air, (a) 50 ppm 
NH3 and (b) 1000 ppm CO2. 
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Fig. 3-32. Transient curves for the fabricated gas sensor exposed to air, (a) 2000 
ppm CH4 and (b) 2000 ppm C3H8. 
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Fig. 3-33. Gas selectivity of the fabricated gas sensor for various gases. 
 
We also investigate gas selectivity of the gas sensor having CNT as a sensing layer. 
Fig. 3-30, 3-31, 3-32 and 3-33 show transient curves and gas selectivity of the gas 
sensor for various gases. The gas sensor has higher sensitivity for NO2 than the 


























 H2S  SO2  NH3  NO2
 CO2   CH4  C3H8 
 
  74 
 
3.5 Sensor calibration 
 
After device fabrication processing, The FET gas sensor show that Vth 
distribution of the device is widened [33]. It is difficult to obtain high yield for the 
gas senor and become low cost device. To solve the problem, we apply 
program/erase (P/E) scheme [34] to the fabricated gas sensor. Fig. 3-34 show 
programming and erasing characteristics of the fabricated gas senor device at 
180 °C. We adjust threshold voltage and drain current (sensing current) level by 
the control gate bias. Transfer curves of the gas sensor are measured at initial and 
P/E state (@ 180 oC), respectively. From the transfer curves, we extract threshold 
voltage (Vth) of the gas sensor by using trans-conductance (gm) - linear - 
extrapolation method [35]. A control gate voltage pulse of 12 V for 6 s (program) 
and -14 V for 10 s (erase) cause about a shift of 1.24 V and 0.96 V from the curve 
at the initial state at 180 oC (VD = VS = VB = 0 V) as shown in Fig 3-34. Fig. 3-35 
(a) and (b) show retention characteristics of the fabricated gas senor for P/E state at 
180 °C. We extract threshold voltage change (ΔVth) of the gas sensor each P/E state. 
In this work, threshold voltage change is defined as  
 ΔVth = |Vth – Vth0|          (7) 
where Vth and Vth0 are threshold voltage of the gas sensor at P/E state and initial. 
As shown in Fig. 3-35, ΔVths at program and erase state are 0.034 V and 0.025 V 
for 10000 s, respectively. 
 




















Fig. 3-34. Program and erase characteristics of the fabricated gas senor device at 
180 °C 
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Fig. 3-35. Retention characteristics of the fabricated gas senor device at 180 °C 
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We have proposed a new MOSFET gas sensor based on silicon MOSFET and 
fabricated the gas sensor based on pMOSFET. Since the control-gate is formed in 
the sides of floating-gate, various kinds of sensing material can be used in this basic 
sensing structure. In this work, SnOx, ZnO and CNT sensing layer were adopted to 
sense a NO2. In our experiment, drain current increase with increasing NO2 
concentration because of increasing work-function at the sensing layers. However, 
the ID decreases with the increase in H2S due to decrease in WF of the sensing layer 
at SnOx and ZnO. We also investigate gas selectivity. The fabricated gas sensor have 
high sensitivity for NO2 at the sensing layers. The gas sensor which use SnOx and 
ZnO as a sensing layer can also detect H2S. We also investigate the Langmuir 
relationship between the target gases and threshold voltage change and response 
characteristics of the gas sensor. Measured response and recovery times of the gas 
sensor when exposed to air and 50 ppm NO2 alternatively, are 50 s and 300 s at 
SnOx, respectively. We show that the gas sensor can adjusts drain current level of 
the device by control gate bias and obtain high yield for gas sensor. It means that 
the proposed gas sensor is low cost gas sensor by using the sensor calibration. These 
results confirm that proposed gas sensor can be useful and a key component in an 
electronic nose system. 
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Chapter 4  
AlGaN/GaN MISFET Gas Sensor 
Having a Horizontal Floating Gate 
4.1 Introduction 
 
Recently, there has been a growing interest in gas sensors which operate at high 
temperature (T > 300 °C) to detect exhaust gases from automobile. A promising 
FET type gas sensor based on Si MOSFET having a lateral floating gate (FG) has 
been proposed to achieve high reliability, and small size. The gas sensor uses a 
metal oxide sensing layer which has a wide range of working temperature [36]. 
However, Si MOSFET type gas sensor has a maximum working temperature of 
250 °C because the junction leakage in Si MOSFET degrades sensing property at a 
temperature higher than 250 °C [37]. Thus, it becomes increasingly important to 
develop a FET type gas sensor to work at a high temperature [38]. In this work, we 
propose an AlGaN/GaN MISFET (Metal Insulator Semiconductor Field Effect 
Transistor) gas sensor having a horizontal FG and show gas sensing characteristics 
of the device by using SnOx and NO2 as a sensing layer and a target gas, respectively. 
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4.2 Device structure and fabrication 
Fig. 4-1 (a) and (b) show the top and 2D cross sectional views of the fabricated 
gas sensor, respectively. The device reads out work-function (WF) change in the 





















Fig. 4-1. (a) Top and (b) 2D cross sectional views of the fabricated gas sensor cut 
along A–A’. 
 
  80 
 
Key fabrication process steps of the device are shown in Fig 4-2 and explained as 
follows. An AlGaN/GaN hetero-structure is grown by metal organic chemical vapor 
deposition (MOCVD) on a sapphire wafer. After photolithography process for 
active patterns, the layers are etched. Then, a 30 nm thick Al2O3 layer is deposited 
by atomic layer deposition (ALD) to form a gate insulator. The layer is etched by 
wet etch process after photolithography process for contact pattern. Then, a titanium 
(Ti) and nickel (Ni) are patterned by lift-off process to form a source, drain and FG. 
A 50 nm thick SiO2 layer is deposited by plasma enhancement chemical vapor 
deposition (PECVD) to be used for a passivation layer. Then, the CG (Ni/Ti) and 
sensing layer (n-type SnOx) are formed by e-beam evaporation and sputtering 
processes, respectively. They are patterned by lift-off process. Thicknesses of SnOx, 

































Fig. 4-2. Process flow of the fabricated gas sensor based on AlGaN/GaN substrate 
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4.3 Electrical and gas sensing characteristics 
 
Fig. 4-3 shows ID-VGS curve of the fabricated gas sensor based on n-type MISFET 
at 25 °C. Both of the channel length and width of the device are 5 μm, respectively. 
The gas sensor reads out WF change in the sensing layer butted to the CG, when 













Fig.4-3. Transfer (ID-VCGS) curve of the fabricated gas sensor based on n-type 
MISFET at 25 °C. 
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Fig. 4-4 (a) shows ID-VCGS curve for the fabricated gas sensor exposed to N2 and 
NO2 at 300 °C. An ID of the gas sensor decreases when the device is exposed to 
NO2. Transient characteristic of the device is measured by changing chamber 
ambient (N2 and 50 ppm NO2) alternately at 300 °C as shown in Fig. 4-4 (b). 
Response and recovery times of the device are about 35 s and 60 s at VGS = -13.5 
V, VDS = 0.5 V, respectively. In this work, the NO2 is an acceptor type gas on the 
SnOx [12]. When the gas sensor is exposed to NO2 gases, the gases diffusing 
through the SnOx extract electrons from the SnOx and become negatively charged 
ions at surface of SnOx. It creates a positive space charge (depletion) region in the 
SnOx. The region increases WF of the SnOx. The increased WF shifts threshold 
voltage of the gas sensor into the positive bias direction and decreases sensing 































Fig.4-4. (a) transfer and (b) transient curves for the fabricated gas sensor exposed 
to N2 and 50 ppm NO2 
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We have proposed an AlGaN/GaN MISFET gas sensor having a horizontal 
floating gate which is able to work at high temperature. In this work, a SnOx sensing 
layer was adopted to sense NO2. The threshold voltage move to positive bias 
direction and sensing current (drain current) of the gas sensor exposed to NO2 
decreases due to increasing WF of the sensing layer. We also response 
characteristics of the fabricated gas sensor. Measured response and recovery times 
of the gas sensor when exposed to N2 and 50 ppm NO2 alternately, are about 35 s 
and 60 s, respectively. 
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Conclusion 
In this dissertation, we propose a new MOSFET type gas sensor having a 
horizontal floating-gate (FG). The structure and fabrication process of the device is 
introduced. We also investigate gas sensitivity, selectivity and response 
characteristics of the proposed gas sensor by using SnOx, ZnO and CNT as a sensing 
layer and control gate of the proposed MOSFET gas sensor. The work-function (WF) 
of the sensing layer is changed when the layer is exposed to target gas. The changed 
WF determine drain current level. Next, we investigate gas sensing characteristics 
by measuring transfer and transient curves of the gas sensor. In our experiment, 
drain current increase with increasing NO2 concentration because of increasing 
work-function at all of the sensing layers. However, the ID decreases with the 
increase in H2S due to decrease in WF of the sensing layer at SnOx and ZnO. The 
high sensitivity for NO2 is shown in the fabricated gas sensor. The gas sensor 
adopted to SnOx and ZnO can detect H2S. Measured response and recovery times 
of the gas sensor (@ SnOx) are 50 s and 300 at NO2. In case of H2S, the times are 
75 s and 400 s. The proposed gas sensor guarantee high yield by device calibration 
function based on program erase operation. Finally, we have proposed an 
AlGaN/GaN MISFET gas sensor to work at high temperature. We also evaluate 
performance of the fabricated gas sensor based on GaN. It means that the proposed 
gas sensor platform can be applied to various FET devices. 
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 초 록 
 
오늘날 다양한 산업에서 사용하고 있는 많은 종류의 가스들이 존재
한다. 하지만 산업 과정에서 호흡기관련 질병을 발생시키는 해로운 가
스들이 발생한다. 그러므로 이런 유해한 가스들을 검출할 수 있는 가스
센서의 수요가 증가할 것으로 예상된다. 특히, 스마트 기기에 적용 가
능한 휴대용, 저가격형, 고신뢰성, 저전력형 가스센서의 관심이 크게 증
가하고 있다. 현재까지 많은 연구자들에 의해서 다양한 종류의 가스센
서들이 개발되어 왔다. 대표적인 예로 전기화학식 (electrochemical), 
전기식 (electrical), 질량 감지식 (mass sensitive), 자기식 (magnetic), 
광학식 (optical) 및 열전식 (thermometric) 가스센서들이 있다. 이 가
스센서들 중에서 전계 효과 트랜지스터 (FET: Field Effect Transistor) 
가스센서가 스마트 기기에 적용 가능한 가장 진보된 가스센서로 간주되
었다. 하지만 기존의 FET형 가스센서는 많은 단점들을 가지고 있다. 
 본 논문에서는 앞에서 언급한 기존의 FET형 가스센서에서 나타나는 
문제점들을 개선하기 위해 수평형 플로팅 게이트 (floating gate) 를 갖
는 FET 가스센서 플랫폼을 제안한다. 먼저 제안된 소자의 구조 및 공
정 과정을 소개한다. 제안된 소자는 금속 산화막 반도체 전계 효과 트
랜지스터 (MOSFET: Metal Oxide Semiconductor Field Effect 
Transistor) 구조를 기반으로 수평형 플로팅 게이트를 가지며, 가스 감
지층을 컨트롤 게이트와 플로팅 게이트의 표면에 형성되어 있는 보호 
절연막 사이에 형성되어 있다. 제안된 가스센서는 가스 반응시 가스센
서에 형성된 감지물질의 일함수(work function) 변화를 이용한다. 본 연
구에서 가스 감지물질은 반도체 (Semiconductor) 혹은 반금속 (semi 
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metal)를 사용하였다. 제작된 가스센서에 여러 가스 감지 물질 및 다양
한 가스들을 이용하여 가스센서의 가스감지 특성을 분석하였다. 이를 
위해 감지 센서의 감지 가스에 대한 트랜스퍼 (transfer) 및 트랜지언트 
(transient) 특성을 측정하고, 측정 데이터로부터 가스센서의 동작 원리
를 설명하였고, 또한 가스 민감도 (sensitivity), 선택성 (selectivity), 
반응 (response), 원복(recovery) 특성 및 Langmuir relationship을 각
각 보인다. 또한, 가스센서에 여러 감지물질들을 적용하기 위해나 공정 
방법을 소개하였다. 이번 연구에서는 주석산화물 (Tin Oxide), 아연산화
물 (Zinc Oxide) 및 탄소나노섬유 (Carbon Nanotube)들을 스퍼터링 
(sputtering) 방식, 원자층 증착 방식 (ALD: Atomic Layer Deposition) 
및 잉크젯 프린팅 (Ink-jet printing) 방식 등을 이용하여 감지물질들을 
형성한 가스센서들을 보인다. 그 다음 가스센서의 컨트롤 게이트에 전
압을 인가하여 센서 보정하는 방법을 보인다. 마지막으로 제안된 수평
형 플로팅 게이트 기반의 FET 가스센서를 고온에서 동작하기 (Temp. 
> 300 oC) 위해 넓은 밴드갭 (band gap)을 갖는 GaN 기판을 이용하여 
가스센서를 제작하였고, 가스 반응 특성을 분석하였다. 
제안된 가스센서 플랫폼은 다양한 FET형 소자 (TFT: Thin Film 
Transistor, TFET: Tunneling Field Effect Transistor)에 적용할 수 있
고, 또한 제안된 가스센서 플랫폼은 전자코 시스템에 유용하게 사용될 
수 있다.  
 
주요어: 가스 센서, 전계 효과 트랜지스터, 수평형, 플로팅 게이트, 
플랫폼, 일함수, 감지물질, 감지 특성, 센서 보정 
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